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tffrat Visual observations of two-phase flow (liquid and gas) have shown that

complicated distributions of gas and liquid are present. Information on the
void (gas volume) distribution and velocities of the phases in systems where
flow visualization is impossible is needed for both hydrodynamic and heat-
transfer analyses.

Described herein is a hot-wire anemometer technique which is capable of
detecting the void distribution. Comparison was made of the hot-wire anemom-
eter output with high-speed motion pictures of the flow patterns. It was ob-
served that the anemometer output could be correlated with the high-speed
pictures.

Statistical analysis of the anemometer results makes it possible to give
valuable information concerning the two-phase flow patterns within a metal

'q, {’/’7’/"/0/2

tube or channel.

INTRODUCTION
In the study of two-phase flow, it is important to have information about
flow regime, void distribution, and local velocities. In general, the void

fraction is either measured experimentally or computed using information about



quality and slip velocity. The experimental techniques for determining void
fraction include the use of gamma-ray attenuation, X-ray attenuation, visual
observation, propagation of sound waves, and more recently, the use of a con-
ductance probe. Among these methods, the attenuation methods have been used
most widely (e.g., ref, [l]l), but they have poor accuracy and are unable to
give local and instantaneous information. The visual method is not feasible
for most practical purposes. The method using propagation of sound tends to
interfere with the system. The more promising one is the recently developed
method of using an electrode probe to measure conductivity between the wall
and the probe [2]. Such a probe, being traversed in a channel, can measure
the spatial distribution of void. However, the probe is useless in mist
flow, since there is still nolelectrical continuity between the probe and
wall even when a droplet strikes the probe. None of the above methods can
give information about detailed structure in two-phase flow. None of these
methods can yield information about flow velocities.

The purpose of this paper is to report a new technique for two-phase
flow measurements using hot-wire anemometry, which yields information about
void fraction, vapor and liquid velocities, turbulence level, etc. High-
speed photography was used to check the validity of various measurements,
including flow-pattern identification, void-fraction measurement, and flow

oscillation.

Theoretical Background

Hot-wire anemometry has been widely used in the study of hydrodynamics.

lNum.bers in brackets designate References at end of paper.



The technique has been highly developed (e.g., [3]). Later, Ling [4] devel-
oped a hot=film anemometer which uses a hot film on a cylinder instead of a
hot wire to give higher sensitivity. Recentlyp.Fingerson further improved
the hot-film anemometer technique [5].

In conventional sinéle-phase flow measurement, the application of the
hot-wire anemometer iélbased upon the fact that the heat-dissipation rate
from the probe vﬁries with the flow velocity. According to McAdams [6], the
heat-transfer correlation for the cooling of a cylindrical body by a cross-

flow is of the following form:

. Dup 0.52
(@) (Pr)'o'5 = 0.35 + 0.56 ( m f) (1)
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More recently, Collis and Williams [7] recommended

-0$l7 n
o\ { Tt Dupge
(Kf)< ) =A+B(uf> (2)

with
0,02 < Re < 44 44 < Re < 140
n | 0.45 0.51
A .24 0
B .56 .48
where
D cylinder diameter
h heat-transfer coefficient

Ky  thermal conductivity of fluid evaluated at Tp

Pr Prandtl number of fluid evaluated at Tf



Re  Reynolds number, Dupf/uf

Tf arithmetic mean temperature between cylinder surface and ambient
T, ambient temperature
u velocity of flow normal to the cylinder

vl viscosity of fluid evaluated at Ty

pr density of fluid evaluated at Tg

Thus, the heat-transfer coefficient varies directly with the square root of
the velocity (approximately). It is also clear from Equations (1) and (2)
that the heat-transfer coefficient depends strongly upon the physical prop-
erties of the fluid flowing past the cylinder. In general, the physical
properties of a fluid in the liquid state are so different from those in the
vapor stabe that the heat-transfer coefficient for the liquid is two or

three orders of magnitude higher than that for the vapor at the same velocity.
Thus the rates of heat dissipation from a hot-wire probe exposed alternately
to liquid and vapor are, in general, far enough apart so that the variation
due to the change of state cannot be confused with that due to the velocity
fluctuation. The large differences in heat-transfer coefficient between the
liquid and the vapor states is the basis for the application of hot-wire
anemometry to the two-phase flow measurement. In other words, from the level
of heat-dissipation rate, it can be determined whether a liquid or a vapor
phase is passing the probe., When the phase is known, then the velocity of

the fluid passing the probe can also be determined from the power input to the
probe if the temperabture difference hetween probe and fluid is known. Theoret-
ically, the velocity could be determined from Equation (1). However, in

reality, calibration is needed for reliable results.
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DESCRIPTION OF MEASURING TECHNIQUE

The basic compenents for the two-phase flow measurement with anemometry
consist of a hot-film anemometer, a control unit, and a recording unit. The
hot-film probe was held at a preset temperature (in general, about 30° F
above the saturation temperature) by the control unit, and the recording unit
recorded the time-trace of power input to the probe. From thls power input
trace, the velocity and the physical state of the fluid passing the probe at
each instant can be determined.

The hot-film sensor was a glass cylinder 0.003 inch in diameter and
1/8 inch long (Fig. 1). A thin coating of platinum was deposited to form a
conductive film, and the sensor was then dip-coated with a layer of epoxy
resin to eliminate short circuiting in water. The glass cylinder was mounted

at each end of two copper legs l%

the control unit through a coaxial cable. For the present study, the probe

inches long, which in turn were connected to

was located in the center of the heating tube with the sensor cylinder trans-
verse to the flow. A commercial control unit was used. The control unit and
circuitry were essentially the same as that described by Fingerson [5]. A
schematic of the circuit diagram is shown in Fig. 1. The resistance of the
probe was set at a value corresponding to a desired probe temperature. If the
probe resistance began to depart from the preset value due to a change in tem-
perature, the control unit would respond with a change in current to maintain
a constant probe temperature.

The power or voltage input tc the probe was recorded on an oscillograph
chart. Through a calibration trace of power as a function of flow velocity
at various temperatures of probe and flow, the fluid state and the fluid veloc-

ity are determined. The probe temperature is preset to the desired value by
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setting the probe resistance, while the fluid temperature is determined with
a thermoccuple.

The selection of probe temperature is important. In the convective regime
it is obvious that the higher the difference between the probe temperature and
the bulk temperature the better is the sensitivity. However, there is defi-
nitely an upper limit in probe temperature for the case of two-phase flow.
Setting the probe temperature too high (e.g., 100° F above the saturation tem-
perature), may result in film boiling on the hot wire when 1liquid is passing
the probe. As a result, the probe would continuously "see" vapor phase re-
gardless of whether vapor or liquid is passing it. If the probe temperature
were somewhere between 10° to 100° F above the saturation temperature, nucleate
boiling on the probe may take place. It is very desirable to have nucleate
boiling occur if the only purpose of hot-film anemometry is to determine the
void fraction, since the difference in the heat-transfer coefficient between
the two phases will be very large. However, if information about liquid ve-
locity is desired, nucleate boiling on the probe should be avoided, since in
the nucleate bolling regime the velocity effect on heat-transfer coefficient
is usually overshadowed by the strong agitation effect of ebullition. In such
a case, the probe temperature should be limited to not more than about 10° F
above saturation temperature.

For the present study, the flow channel was a glass heating tube as de-
scribed in reference [8]. For each run, the steam and the hot water were pre-
mixed to give the desired flow pattern. A high-speed motion picture camera
(capable of 5000 frames per sec) was used to photograph the flow across the

probe. The oscillograph trace and the high-speed motion pictures were provided
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with a common time scale through simultaneously triggered 60-cps fime tracers
so that the recordings on both could be matched against each other.

To compare the results, the films were analyzed frame by frame to deter-
mine the time and the duration of each bubble passing the probe, and the film
record was then matched against the tracings on the oscillograph record to
determine whether the hot-wlire anemometry system was capable of sensing all

the events as observed through photographic study.

APPILICATION AND EXAMPLE

From the comparison between the motion pictures and the oscillograph
trace of power input to the probe, it was found that hot-film anemometry is
capable of giving the following information:

l. Qualitative determination of flow regime. - The oscillograph tracings
for Yarious flow regimes are different enough so that the nature of the flow
pattern can be determined by observing the tracing. Examples are shown in
Figs. 2 to 5. Also shown, whenever feasible, are strips of high-speed motion
pictures taken in the same runs.

The traciné in Fig. 2 indicates that the flow was in the bubbly regime.
The probe was exposed to ligquid most of the time, but an occasional bubble
passed to give a "blip" of short duration. From the duration of such a blip
and the bubble velocity, the length of a bubble can be determined. In bubbly
flow, the bubbles are roughly spherical in shape with diameters that are ldss
than the pipe diameter so that this regime corresponds to a bubble length that
is much less than the pipe diameter. Fig. 3 illustrates the type of {trace

obtained in slug flow where the duration for each bubble passing the probe is
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very longs Xnowing the velocity of bubbles, it is clear that the bubble length

is several times larger than the pipe diameters This is characteristic of slug

Figs 4 is the tracing for a mist flow with lean droplet conﬁent, The
flow was predominately vapor, with occasional bombsrdment by a droplet, which
is indicated by a blip toward the liquid side. Photographs are not shown since
it is very difflcult to catch the image of a droplet bombarding the probes
Fig. 5 is the trace of a mist flow with very rich droplet contents Because °
of the high frequency of bombardment of the probe by the droplets, the fluc-
tuations of the trace were predominantly tending toward the liquid side. Only
occasionally was the probe completely dry as indicated by a large blip toward
the vapor side of the traces Such a trace sometimes is easily confused with
that for bubbly flow (see Fig. 2). However, by closer examination of the fre-
quencies of and/or the amplitudes of the trace fluctuations in Figss« 2 and 5,”
the difference between the traces of the rich mist flow and bubbly flow can
still be discerned. Sometimes, differentiation between these two flow regimes
can be achieved with the aid of other information such as quality or past
history of flow patterns, etcs Nonetheless, the possibility of confusing rich
mist with bubbly flow is a drawback of the application of the hot-film anemom~-
eter to two-phase flow. One way to minimize this difficulty would be to use‘a
very small probes

It is not possible to tell by a probe in the centerline whether an annqlar
flow is achieveds however, if the probe could be traversed across the tube, an
all-liquid tracing near the wall together with a vapor-dominating tracing at

the center of the tube should indicate an annular flow.




2. Quantitative determination of the void fraction. - The fraction of the
total time during which the probe detects the vapor phase can be considered as
the local void fraction. Therefore, 1f the times for each void to pass the
probe are summed up and then divided by the total time span, it should give
the local vold fraction. Fig. 6 shows the void-fraction measurement for a slug
flow which was based upon the original trace as shown in Fig. 3. The reduced
data are shown on & time scale on the X-axis. The corresponding data reduced
from high-speed motion pictures are shown on the same time scale on the Y-axis.
A perfect matching would be lying on the 45° linej; this probably 1s due mainly
to the uncertainty in determining the tall end of bubbles from the motion
picture. The void-fraction measurements shown in Fig. 6 are also tabulated in
table I.

It is clear that, 1f a traversing probe were used, a radial distribution
of void fraction could be measured with good accuracy. Such technlque should
be superior to the gamma-ray attenuation method, which is mosﬁ commnly useds
In general, the gamma-rsy method measures only the time and space averaged
overall voild fraction at one section. Even if a scanning technique could be
used to obtain radial distribution, the error would be generally rather hiéh,
The difference between the anemometry and gamma-ray attenuation methods is
that the hot-wire probe records the true local variation of the void, while the
gamma-ray method can only detect the variation of the total void along the path
between the source and the detector, With the anemometer, the local void frac-
tion is determined by integrating the time fraction in which the probe was ex-
posed to vapor phase, while in the gamma-ray method the local void fraction

can only be obtained through differentiation, which usually would result in a
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much larger error.

3, Bubble influence. - Fig. 7(2a) shows the oscillograph tracing obtained
during the passage of a bubblé. It is interesting to notice that before the
probe detected the bubble interior, 1t actually detected first an increase of
liquid flow velocltys The liquid spparently was pushed upward by the rising
bubble. This region is equivalent to the stagnetion point on a stationary
sphere in a flow field. However, to prevent possible confusion, the lliquid
which 1s pushed up by a bubble can be called the venguerd of the bubbles As
expscted, the tracing also shows the wake of a bubble. The turbulence level in
the wake was greater than that of the main flow velocity. This is also shown
in figure 7(a)s Fig. 7(b) (same oscillograph trace as Fig. 3) shows the
trace when a bubble bypassed the probe without actually touching it. Thus the
hot~-film anemometer is very suitable for studying the influence of bubbles on
the flow characteristics.

4, Flow oscillation. - Fig. 8 shows that the flow is under pulsation. The
points A and. B were also checked against motion-picture results, and the dif-
ference was less than 1/60 seconds Thus the hot-wire anemometer can be used
to determine whether a flow instability has set in, and if so, the frequency
of pulsation.

In addition to the shove measurements, the authors found that the following
measurements could also be made, however, due to the scope of the problems, dis-

cussion here will be limited toc the qualitative description of feasibility of

5. Bubble rising velocitys, - Since the probe also sense flow velocity, the

velocities of both bubbles and the liquid flow can be measured. The rising
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veloelty of bubbles (with respect to the liquid flow) can be determined. Such
information would be useful in determining slip ratio, or checking some of the
exlsting correlations for bubble rising velocity.

6. Turbulence levels. - As all the oscillograph tracings show, there are
lodal small-amplitude fluctuatlons that are due to turbulences An accurate
tracing can be used to determine the turbulence level both in the liquid phase
and the vapor phase and the effect of one phase upon the others

7. Determination of quality. - A very important application of hot-film
anemometry is to determine the quality of a two-phase flow. This may seem
like a reversal of the general practices In the past, for a boiling two-phase
flow, the quality that was computed was first based upon thermodynamic equi-
libriums then a slip ratio was assumed or estimated; and finally the void
fraction is computeds However,iit has been found by many researchers [8, 9,
and 10] that thermodynamic equilibrium aétually is not necessarily achieved.
In fact, it is more often the case to have nonequilibrium than equilibrium.’
Thus, the problem is to estimate the quality when thermodynamic equilibrium is
not achieved. Since the hot-film anemometer is capable of measuring both void
fraction and slip velocity, it is possible to compute qualitys If encugh in-
formation about quality in nonequilibrium state is accumulated to cover a rénge

of conditions, it would help the "art” of estimating quality.

DISCUSSION
In the last section, some of the potential uses of hot-film anemometry
were suggested. TIn this section, the overall merits and limitations of hot-

film anemometry will be mentioneds
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1. Merits

(a) It gives local detailed structure of two-phase flows

(b) The probe gives high-frequency response. A time recording shows
the histofy of flow passing a probe.

(c¢) It is versatile in application.

(d) It is easy to install and slmple to operate, and it can be in-
stalled in eny hesting channel.

2. Limitations

(a) The fluid must be electrically nonconductive. For a conductive
fluid, an insulating coating should be applied to the probe. Sometimes
it might be difficult to find an insulating coating that would remain 1n-
tact while not greatly impeding the frequency response.

(b) The probe is rather fragile.

(¢) If the droplet or bubble is significantly smaller than the probe
dimensions (length), the change in power input when only part of the probe
is bombarded by the dispersed phase may not be significant enough to show
variation on the traces

(4) There is a possibility of confusing rich mist flow with bubbly
flow.

3. Possible modifications

(a) The probe can be made of other material, such as a very fine wire
of tungsten or platinum. The hot-wire probes are sturdier than the hot-
film probe made of a platinum-coated glass cylinder, which was used 1n

the present studyo
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(b) The probe can be made in another geometry, such as a sliding rod
with a small section as the heating element.

(e) An "on;off" switch eircult can be incorporated in the circult
to automatiéally integrate all the small vold intervals to give a mean
void-fraction reading.

(d) The probe should be made as small as possible to minimize limita-

tions (c) and (d).

CONCLUSION
The hot-film anemometer technique was used to make two-phase flow measure-
ments, High-speed motion pictures were used to check the reliability of the
hot-film anemometer. The results show that hot-film anemometry can perform
versatile dutles in two-phase flow measurements including: void fraction,
identification of flow regimes. flow oscillation, bubble influence, etcs Quali-
tative results also indicate the possibility of using such a probe to determine

slip ratio and vapor "quality” in nonequilibrium state.
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